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To retrieve crystallographic information from extended 

sample volumes requires a high-energy probe. The use of X-

rays to combine imaging with materials characterisation is 

well-established. However, if fundamental crystallographic 

parameters are required, then the collection and analysis of X-

rays diffracted by the inspected samples are prerequisites. We 

present a new X-ray diffraction imaging architecture, which in 

comparison with previous depth-resolving hollow beam 

techniques requires significantly less X-ray power or 

alternatively supports significantly increased scanning speeds. 

Our conceptual configuration employs a pair of conical shell X-

ray beams derived from a single point source to illuminate 

extended samples. Diffracted flux measurements would then 

be obtained using a pair of energy resolving point detectors. 

This dual beam configuration is tested using a single X-ray 

beam set-up employing a dual scan. The use of commercial off-

the-shelf low-cost components has the potential to provide 

rapid and cost-effective performance in areas including 

industrial process control, medical imaging and explosives 

detection. 

 

The highly penetrative nature of X-rays led directly to their 

chance discovery,1. This property coupled with their interaction 

on an atomic and molecular scale to produce crystallographic, 

structurally dependent scattering has fuelled new scientific 

discoveries and instrumentation for well over a century. For 

example, X-ray based probes have proliferated into a wealth of 

important non-destructive imaging modalities capitalising upon 

different X-ray interaction mechanisms including; X-ray 

spectroscopy,2 X-ray diffraction (XRD),3-7 coherent scattering,8 

and phase contrast,9. Many applications would benefit from the 

information provided by these probes attributed to material 

phases distributed within an inspection volume. In response, 

these techniques have also been developed into tomographic 

modalities on the >mm length scale. X-ray diffraction 

tomography has become the preeminent technique for 

structural imaging as it provides simultaneously crystallographic 

data from materials phases distributed within volumes,10. 

Various implementation strategies have been investigated 

including; 3DXRD,11 TEDDI,12-13 XDI,14 and SICSI,10 and have all 

been individually adapted to their application. Angular-

dispersive X-ray diffraction is exploited in the 3DXRD method to 

provide high-fidelity structural measurement that includes 

capabilities such as mapping the position, volume, orientation 

and stress state in grain boundaries. This additional 

functionality comes at the expense of acquisition speed 

(potentially several hours for a data collection) necessitating in 

practice a synchrotron source. Most techniques adopt an 

energy-dispersive approach (though SICSI may be considered as 

an angle/energy dispersive hybrid) to provide an increase in the 

diffracted flux thereby reducing data collection times. Typically, 

the beam geometries employed involve collimating photons to 

produce narrow slit or pencil beams either pre or post sample 

thus restricting the scattered flux available for measurement. 

This limitation coupled with low scattering cross-sections or 

probabilities of interaction is especially problematic when using 

high X-ray energies to penetrate extended samples. In practice, 

these scientific and operational challenges are addressed with 

limited success using significantly brighter X-ray sources or 

longer scan times. Specifically, our work is driven by the time 

critical operational challenges encountered in many industrial 

screening processes.  The requirement for information such as 

the spatial distribution of specific material phases within 

extended volumes may be associated with process control 

(pharmaceutical, cement etc.) and other industrial demands, 

which also extends to the identification of narcotics and a wide 

range of homemade explosives (HMEs) within complex 

“everyday objects”.  This problem requires a cost-effective 

material specific probe to enhance rapid false-alarm 

resolution,3,14. 

 Focal construct technology (FCT),15-18 is a technique, which 

employs an annular or conical shell beam of radiation designed 

to improve upon the aforementioned limitations. When such a 
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beam is incident normally upon a semi or polycrystalline 

material, Debye cones with a well understood energy and angle 

relationships are produced from every point within the gauge 

volume formed by the intersecting beam in the sample. These 

cones overlap downstream in the imaging chain resulting in 

significantly increased diffracted flux intensity along the 

symmetry axis of the interrogating X-ray beam. This intensity 

increase is unique to FCT and cannot be replicated using a pencil 

or linear slit collimated beam15-18. In addition, FCT has been 

shown to deal favourably with non-ideal samples such as those 

exhibiting large grain size, preferred orientation,16 and short-

range structure order,19 including liquids. Early incarnations of 

FCT employed a mono-energetic, angular-dispersive model, 

which resulted in Debye cones forming high intensity diffraction 

caustics,15 measured with an area detector. This angular-

dispersive approach has also been adapted into a tomographic 

technique employing raster scanning,20. More recently we have 

been able to extend this method to work in an energy-

dispersive mode (i.e. ED-FCT),21 by employing a polychromatic 

X-ray beam and energy-resolving point detector, resulting in 

further reductions in measurement time (i.e. 0.15 mAs).  

 Building on these techniques we introduce a new 

conceptual architecture (See Fig. 1) based on ED-FCT to identify 

materials distributed at unknown locations within an inspection 

volume. 

 
Fig 1. Conceptual dual beam focal construct imaging architecture 
employing a pair of conical shell primary X-ray beams each optically 
coupled to an energy-resolving point detector. The detectors are 
positioned at the centre of the dark area encompassed by each 
respective beam. The samples under inspection are translated 
linearly along the X-axis. 

 

In this method the samples are translated through a pair of 

conical shell beams (with divergent symmetry or principal axes) 

derived from a single point X-ray source. The diffracted flux is 

measured by two energy resolving point detectors with a 

detector positioned on the symmetry axis of each beam. A 

powerful aspect of this technique is that diffracted flux 

measurements may be treated as if the beams had intersected 

physically or converged within the inspection volume,22. In 

effect, two temporally offset “perspective views” would be 

collected over the inspection volume thus enabling the material 

characteristics (e.g. d-spacings) and Z-axis position (or depth) 

dependency to be uncoupled. In principle, a point X-ray source 

can be used implement this architecture via appropriate 

geometric registration of signatures through post processing. 

 To emulate the functionality of the divergent dual beam 

architecture shown in Figure 1, our experiments employ a single 

stationary beam where the sample is scanned at two different 

tilt or angular positions relative to the beam. This scenario is 

also represented equivalently by two “cross firing” beams (see 

Fig. 3a). Each single beam scan enables match coefficients to be 

mapped onto the (Z,X) plane (See Fig. 2a and b). The material 

phase of a sample may be identified via calculation of d-spacings 

following Bragg’s Law 𝜆 = 2𝑑 sin 𝜃 where the wavelength 𝜆, is 

obtained from the measured energy E, using Plank’s energy-

frequency relationship. The calculation of 𝜃 = 𝑓(𝑍, 𝐿, Φ) is a 

function of the known geometric system parameters, where Z 

is the source-to-sample distance, L is the source-to-detector 

distance and Φ is the half-opening angle of the interrogating 

annular beam. It should be noted that interplanar spacings 

cannot be calculated uniquely using a single beam,23 without a 

priori knowledge of the sample’s axial position Z (i.e. an 

unknown Z equates to a range of possible d-spacing values per 

energy measurement, see Equation (1)).  

 As a proof-of-concept experiment, a volumetric sample was 

constructed containing a 30x30x5 mm3 (x,y,z) thick vial of calcite 

and a 30x30x2 mm3 (x,y,z) sheet of copper. The samples were 

configured parallel to the X-axis (i.e. motion direction) as well 

as being offset along the X-axis and Z-axis, respectively. An 

annular beam with a half-opening angular range of 3.92o ± 0.05o 

was produced by collimating the solid angle emission from a 

Hamamatsu micro-focus X-ray source operating at 130 kV, 300 

µA with a bespoke tungsten optic.  

 Scattered rays were detected using an Amptek CdTe X-ray 

spectrometer with a 9 mm2 circular detector with a typical full 

width at half maximum (FWHM) of 850 eV at 120 keV. The 

detector was placed at L = 510 mm from the X-ray source spot. 

The samples under inspection was translated 150 mm along the 

X-axis in 5 mm steps through the annular beam. To investigate 

the effect of the angular separation between the principal axes 

of the two beams the inspection volume was scanned at 

different rotations α, of ± 5o-20o in 5o increments. To investigate 

the effect of exposure time each linear scan was repeated for 

time periods of; 1 s, 0.5 s and 0.1 s per translation position 

(equating to 0.3, 0.15 and 0.03 mAs per point). 

 The presence of a specified material in measurements from 

a single sample translation scan may be determined using a 

systematic trial and error approach. A range of d-spacing values 

are generated incrementally from detector energy bins at 

possible Z-planes, 𝑍𝑠, with their associated diffraction 

angle, 2𝜃, satisfying the Bragg condition following,21: 
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The consequent trial diffractogram is compared quantitatively 

to a specified material standard diffractogram through 

Pearson’s correlation coefficient. A map is generated of the 

corresponding correlation coefficient for each assumed Z-plane 

location and translation position along the X-axis. Figure 2 

illustrates the result of such an approach by comparing 

diffractograms with copper (See Fig. 2a) and calcite (See Fig. 2b) 

standards. Some example diffractograms that illustrate good 

correspondence with the standards are illustrated in Figure 2c 

and d for copper and calcite, respectively.  The ‘true’ locations 

of the copper and calcite samples in these maps are indicated 

by the red and blue boxes, respectively. It can be seen that this 

method favourably identifies the locations of the sample 

materials. A correlation coefficient >0.75 highlights correct 

matches but also includes several ambiguous positions 

(particularly for copper, See Fig. 2a) that also yield high match 

coefficients, which could lead to false positives. These are likely 

the result of copper’s cubic crystal structure, which results in a 

high degree of symmetry in its diffractogram. 

 

 

Fig 2.   Match coefficients mapped onto the (Z,X) plane are 

created by comparing empirical diffractograms against a copper 

(a) and calcite (b) standard. The true locations of the copper and 

calcite samples are illustrated by the blue and red boxes, 

respectively. Example diffractograms illustrating good match 

coefficients are also illustrated for copper (c) and calcite (d). 

 

 To resolve erroneous sample positions the inspection 

volume must be described further. Our (single beam) dual-scan 

set-up emulates the conceptual (dual beam) single-scan 

approach, whereby the inspection volume is scanned by two 

angularly offset beams ±α about a known point so that these 

scans interrogate the same 3D space but at different times. 

Considering two crossed, annular beams, rotated by ±𝛼 and 

translated by ±Δ𝑋∓𝛼  from the symmetry axis of the system, the 

cross-over location C, can be derived analytically from the 

geometry following: 

 

 
   

0 0

2
, 0,

tan tan

x
x z 

   

 
      

    (2) 

Applying the trial and error approach (described previously) 

results in two match coefficient (Z,X) plane maps with a known 

transformation between their respective coordinate systems as 

described in Equation (3). The required transformation is a 

rotation about point C by ±𝛼 for respective sample rotations, 

∓𝛼. 

    

(
𝑥±𝛼 − 𝑥0

𝑍±𝛼 − 𝑍0
) (

cos(∓𝛼) − sin(∓𝛼)

sin (∓𝛼) cos(∓𝛼)
) + (

𝑥0

𝑍0
)  = (

𝑥±𝛼′

𝑍±𝛼′
)  (3) 

Where  (𝑥0, 𝑧0) represents the cross-over location C of the two 

beams aligned according to a common coordinate system. The 

maps can then be overlaid to calculate the product of the left- 

and right-rotated scans’ match coefficients. True positive 

results are subsequently reinforced and false positives become 

weakened (see Fig. 3b and c). 

 

Fig 3.  Schematic of two “cross-firing” conical shell beams (a) 

and the reinforced match coefficient maps for copper (b) and 

calcite (c) for α= ±20o sample tilt angles (equivalent to a relative 

beam rotation) aligned to a common coordinate system. 

 

To optimise our arrangement, we have investigated a range of 

exposure times and rotation angles α. Match coefficient maps 

for copper and calcite samples are illustrated in Figure 4. 

Reduction in exposure times are represented in Figures 4a-c, 

respectively.  

 Decreasing the exposure time per scan is accompanied by a 

non-linear decrease in the value of match coefficients. For 

example, decreasing from 1 s per point to 0.1 s per point results 

in a match value decrease of ~5%. Uncertainties in d-spacing for 

a related system architecture have been described in detail 

elsewhere,21. However, the method reported in this paper also 

estimates axial sample position. 
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Fig 4. Match coefficient maps for copper (blue) and calcite (red) 

exposed for 1 (a), 0.5 (b), 0.1 (c) seconds exposure per 

translation point. The raw data was obtained using a dual-scan 

and sample rotations α= ±20o. 

 

Experimentally we find the uncertainty in depth tends to reduce 

with increasing rotation α. This characteristic was expected as it 

is consistent with applying triangulation techniques to calculate 

axial position or range,22. The uncertainty in depth ΔZ~10 mm 

was estimated from the experiment match coefficient maps for 

the (Z,X) plane with reference to the true axial positions. 

Conclusions 

In summary, we demonstrate that our dual beam measurement 

architecture enables the characterisation of materials at 

unknown locations within extended volumes. This operational 

requirement is encountered routinely in many applications 

where material characteristics, such as phase and lattice 

parameters are critical. 

 In our proof-of-principle experiment we employ a tilted-

sample dual-scan with a single stationary annular beam to 

emulate the measurements possible using a dual-beam single 

scan. An energy resolving point detector positioned at the 

centre of the dark area encompassed by the beam provides 

diffracted flux measurements from interrogated samples. 

Specifically, by comparing the range of possible material 

signatures, predicted by the known geometric configuration 

and the measured energies, from each “different beam” 

enables the axial location and d-spacing relationship to be 

decoupled. True positive material identification/locations are 

subsequently reinforced while false positives become 

weakened.  

 By hypothesis the angular offset between the two beams 

along the scan direction may be realised using a single point 

source fitted with appropriate optics. Critically, this 

configuration negates the requirement for two separate “cross 

firing” X-ray generators producing physically intersecting 

beams. In addition, a dual-beam single source solution would 

reduce the cross coupling of scattered X-rays from the “other 

beam” by virtue of the increased linear separation between the 

point detectors (i.e. from inverse-square law and Bragg law 

considerations). 

 While our work supports the promise of a cost-effective and 

compact high-energy X-ray diffraction scanner technology there 

remains much work to be done. For example, in principle, it is 

feasible to produce a series of annular beams using a single 

point X-ray source promising significantly improved matching 

and scan speeds. We anticipate such a multibeam technique 

would be advantageous for samples with relatively large Z-axis 

thickness or flat samples, which are not parallel to the motion 

or X-axis i.e. presenting significantly different “beam path 

thickness” to each interrogating beam. 

  Our proposed technique is scalable with respect to both 

scan size and X-ray energy and is, in principle, capable of rapid 

depth-resolved materials characterisation of bulk samples or 

objects. These ideas and preliminary results are especially 

expedient given the growing need for rapid volumetric 

materials identification in fields such as explosives detection, 

diagnostic and biological imaging, and process control.  
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